Currently, there is no adequate, sensitive, reproducible, specific and noninvasive biomarker that can reliably be used to detect renal cell carcinoma (RCC). Previous studies have elucidated the urinary non-volatile metabolic profile of RCC. However, whether urinary volatile organic compound (VOC) profiles are able to identify RCC remains to be elucidated. In the present study, urine was collected from 22 patients with RCC and 25 healthy subjects. Principal component analysis and orthogonal partial least square discriminant analysis were used to compare the data of patients and healthy subjects, and preoperative and postoperative patients undergoing radical nephrectomy. In total, 11 VOC biomarkers were elevated in the RCC patients compared to the healthy subjects, which were ; and 2,6,10,14-tetramethyl-pentadecane. Three biomarkers were decreased in RCC patients: styrene, 4-heptanone and dimethylsilanediol. In preoperative patients, 2-ethyl-1-hexanol and cyclohexanone were elevated, while 6-t-butyl-2,2,9,9-tetramethyl-3,5-decadien-7-yne were decreased when compared to postoperative patients. Compared with the healthy subjects, RCC has a unique VOC profile, suggesting that VOC profiles may be a useful diagnostic assay for RCC.
Introduction
The worldwide incidence of renal cell carcinoma (RCC), a predominantly male (2:1 ratio) disease, is ~271,000 new cases and 116,000 fatalities per year (1) . There are several known risk factors for RCC, such as obesity, hypertension and decreased fruit and vegetable consumption. A subset of patients with this cancer has local or systemic symptoms, including flank pain, hematuria, a palpable abdominal mass, fever and wasting syndromes (2) . However, in recent years, approximately half of the RCC patients have had no clinical symptoms; the disease was identified by abdominal imaging during a health check-up. The traditional method for clinical diagnosis is abdominal imaging. Computed tomography can be used to stage the primary tumor and determine the lymphadenopathy and metastasis (3) , and Doppler sonography can better detect the tumor extension in equivocal cases (4) . However, despite its sensitivity, imaging is relatively non-specific; therefore, the disease must be confirmed using renal biopsy. Although urine cytology, a reproducible and noninvasive approach, may be valuable for differentiating urothelial cell carcinoma from RCC (5) , it lacks sensitivity. Currently, there is no adequate sensitive, reproducible, specific and noninvasive biomarker that can reliably be used to detect RCC.
In recent years, an increasing number of researchers have focused on volatile organic compound (VOC) profiling, a novel and robust procedure, because it is convenient and inexpensive. Altomare et al (6) confirmed that the pattern of breath VOCs in patients with colorectal cancer was different from healthy controls. Ikeda et al (7) proposed serum VOC profiling as a novel diagnostic approach for gastrointestinal cancer. Wu et al (8) demonstrated that hepatocellular carcinoma patients had a unique urinary VOC profile. Filipiak et al (9) demonstrated that lung cancer-derived cells exhibited specific volatile compounds. These studies indicate that different cancers may produce different VOCs profiles. Numerous metabolic profiling studies have focused on the urinary levels of nucleosides as biomarkers of cancers, including leukemia (10), breast cancer (11), colorectal cancer (12) and hepatocellular carcinoma (13) , which are detected independent of patient age or gender. Metabolomics can also be used to elucidate biomarkers. Ganti and Weiss (14) obtained the urinary non-volatile metabolic profiles of RCC. Notably, Jobu et al (15) proposed that urinary VOC metabolites in human bladder cancer were significantly more sensitive compared to urine cytology. However, whether VOC profiling can be used to identify RCC remains to be elucidated.
In the current study, gas chromatography/mass spectrometry (GC/MS) and multivariate data analysis were used to compare the VOCs in urine samples from RCC patients (preoperative and postoperative) and healthy subjects to identify potential volatile biomarkers of RCC in VOCs.
Materials and methods
Patients. All the experimental protocols were approved by the Ethics Committee of the First Affiliated Hospital of Harbin Medical University (Harbin, Heilongjiang, China; no. 201314), and the informed consent was obtained from the parents of the patients prior to study enrollment. A total of 22 patients who were admitted to the Department of Urology (The First Affiliated Hospital of Harbin Medical University) between May 2011 and October 2012 were selected for the study (the cancer group). These 22 patients were diagnosed with RCC. In addition to the cancer group, 25 healthy volunteers were also included in the study.
Of the 22 patients with RCC, 15 were males and 7 were females. The mean age of the patients was 57.65±10.92 years. Among them, 18 patients (12 males and 6 females) were involved in the preoperative and postoperative collection. The mean age was 58.22±11.29 years. The normal control group of 25 included 12 males and 8 females. The mean age of individuals in the normal control group was 57.92±10.81 years.
Urine sample collection. Urine samples (2 ml) were immediately transferred to evacuated 20 ml heparinized glass vials (Supelco, Inc., Bellefonte, CA, USA) before surgery and 1 day after surgery. All the samples were analyzed within 2 h of collection.
Solid-phase microextraction (SPME). For SPME, 75-µm carboxen/polydimethylsiloxane fibers (Supelco, Inc.) were used. The SPME fiber was inserted into the vial and exposed to the gaseous sample for 40 min at 40˚C. Subsequently, the volatile compounds were de-absorbed in a hot GC injector at 200˚C for 2 min.
GC/MS analysis. Analysis was performed using a GC/MS (Shimadzu GC-MS QP 2010; Shimadzu, Kyoto, Japan) equipped with a DB-5MS (30 m x 0.250 mm x 0.25 µm) (Agilent Technologies, Inc., Santa Clara, CA, USA) plot column. Injections were conducted in the splitless mode. The temperature of the injector was 200˚C. The flow rate of the helium (99.999%) carrier gas was maintained constantly at 2 ml min -1 . The column temperature was maintained at 40˚C for 2 min to concentrate the hydrocarbons at the head of the column. Subsequently, the column temperature was increased 7˚C min -1 to 200˚C for 1 min and following this, was ramped 20˚C min -1 to 230˚C for 3 min. The MS analyses were performed in full-scan mode using a scan range of 35-200 amu. The ion source was maintained at 230˚C, and an ionization energy of 70 eV was used for each measurement.
Extraction and pretreatment of the GC/MS raw data. Raw GC/MS data were converted into CDF format (NetCDF) files using Shimadzu GC/MS Postrun Analysis software and processed using the XCMS toolbox (http://metlin.scripps. edu/xcms/). Statistical analyses. Total area normalization was performed prior to the statistical analysis. Normalized data were subsequently exported to SIMCA-p 11.5 (Umetrics, Malmo, Sweden) for principal component analysis (PCA) and a partial least-squares discriminant analysis (PLSDA) was performed. To guard against overfitting, the default seven-round cross-validation in the SIMCA-p software was applied, and permutation tests with 100 iterations were also carried out to further validate the supervised model. In addition, the two-sided Welch two sample t-test was performed to determine the significance of each metabolite. Based on the variable importance in the projection (VIP values) from the PLSDA model and P-values from t-tests with thresholds of 1.2 and 0.05, potential metabolic biomarkers were selected. P<0.05 was considered to indicate a statistically significant difference.
Results
VOCs in RCC. The VOCs in the urine samples of the 22 patients with RCC and 25 healthy subjects were analyzed by GC/MS. Between the patients with RCC and the healthy subjects, a two-dimensional PCA score plot was obtained using 207 parameters, which showed a good separation tendency (Fig. 1A) . A PLSDA score plot was subsequently used to separate these two groups with three components (R 2 X= 0.763, R 2 Y= 0.791, and Q 2 =0.702) ( Fig. 1B) . A validation plot obtained from 100 permutation tests showed all of the R 2 and Q 2 values calculated from the permutated data were lower than the original values (Fig. 1C ). Between preoperative and postoperative patients with RCC, we obtained 524 variables and another PCA score plot ( Fig. 2A) , PLSDA score plot (Fig. 2B ) and a validation plot (Fig. 2C) were created by repeating the above steps. The results of these plots demonstrated a good PCA separation tendency. The PLSDA separated the patients with two components (R 2 X= 0.614, R 2 Y= 0.879, and Q 2 = 0.833). All of the VIP values of the examined factors in the PLSDA model were calculated. The distinct metabolic biomarkers were selected based on the standard of a VIP value >1.2 using the NIST 11 database with a similarity threshold of 75% (Tables I and II) .
Discussion
Currently, the relatively common VOC samples include breath, blood and urine. Studies have confirmed specific and distinct combinations of VOCs from patients with a variety of cancers (including lung, breast and colorectal cancer) (16) (17) (18) (19) . Urinary VOC metabolites are more useful biomarkers compared to the VOCs identified in breath and blood for assessing VOC exposure, as urinary metabolites have longer physiological half-lives and sampling is non-invasive (6) . The micromolecular metabolites of RCC cells are freely filtered into the urine (15) . Urine sampling may avoid the interference of uncertain primary or secondary metabolites compared with breath or blood. The present study acquired the expected VOC profiles from the urine of RCC patients.
Compared to the healthy subjects, patients with RCC showed increased levels of VOC biomarkers, including phenol; decanal; 1,6-dioxacyclododecane-7,12-dione; 1-bromo-1-(3-methyl-1 -pentenylidene)-2,2,3,3-tetramethyl-cyclopropane; nonanal; 3-ethyl-3-methylheptane; isolongifolene-5-ol; 2,5-cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl); tetradecane; aniline; and 2,6,10,14-tetramethyl-pentadecane. Three components were decreased, which were styrene; 4-heptanone; and dimethyl silanediol.
The results showed that 11 biomarkers were increased in RCC patients. These biomarkers were mostly aldehydes, ketones, alkenes, alkanes and substituted benzene compounds, which are produced in response to oxidative stress (20) , although the mechanisms by which these compounds were produced remain to be elucidated. 2,6,10,14-Tetramethyl-pentadecane, a strong oxidant, was identified among these compounds, suggesting that oxidative stress may be involved. Decanal is a linear aldehyde that is formed from the oxidation of the majority of the unsaturated fatty acids found in human skin lipids (21) . Pentadecane is possibly derived from local oxidative stress in cancer cells, as tumor cells are connected with the lipid peroxidation of cell membranes (22) . Additionally, an increase in the aniline levels in the urine of the patients with RCC was observed, which was consistent with the results of Gao et al (22) , who found increased aniline levels in the blood of the patients with RCC. The accumulation of another substituted benzene compound, phenol, may accelerate the progress of RCC, as RCC is more commonly found in patients with end-stage renal failure (23) .
Humans regulate the balance of water and electrolytes, and eliminate metabolic waste through urine. Ketones were reported to be fairly abundant in human urine (24) . Therefore, any impairment of kidney function may significantly affect the excretion of ketones. Urinary 4-heptanone, a type of ketone, was consistently decreased in the patients with RCC. The metabolic pathways of 4-heptanone is known. In hemodialysis patients, di(2-ethylhexyl) phthalate, a plasticizer, is rapidly metabolized to 2-ethylhexanol, which is subsequently oxidized to 2-ethylhexanoic acid and finally to 4-heptanone (25) . Halliwell et al (26) reported that 4-heptanone levels are increased in the blood and breath of end-stage renal disease patients. The decrease in 4-heptanone levels found in the urine of the RCC patients suggests that it is difficult for RCC patients to excrete 4-heptanone though the urine; therefore, 4-heptanone remains in other tissues, leading to increased levels in the blood and breath. However, the mechanism of this phenomenon remains to be elucidated. Another decreased biomarker, styrene, is a known carcinogenic environmental toxin. Styrene can attack tissues by leaking into the cytoplasm and causing oxidative damage to proteins (27) . Decreased excretion of this carcinogen in the urine can cause accumulation in the kidneys, which leads to an increased risk of cancer.
Between the preoperative and postoperative patients with RCC, three different biomarkers were obtained: 2-Ethyl-1-hexanol, cyclohexanone and 6-t-butyl-2,2,9,9-tetramethyl-3,5-decadien-7-yne. Cyclohexanone is a uremic toxin (9) and levels have been found increased in the blood of patients with end-stage renal disease (26) . Cyclohexanone levels were increased in preoperative patients with RCC. Filipiak et al (9) determined that certain compounds, such as butyl acetate and 2-methylpropanal, are consumed when tumor RCC, renal cell carcinoma; RT, retention time; VIP, variable importance in the projection; FC, fold-change: FC= log10(X2/X1); X1, arithmetic mean value of a certain metabolite in the case group; X2, arithmetic mean value in the control group. FC with a positive value indicates that the concentration of a certain metabolite is relatively higher in RCC patients compared with the control group. cells proliferate. We speculated that 6-t-butyl-2,2,9,9-tetramethyl-3,5-decadien-7-yne could also be overly used by tumor consumption mechanisms. This increased consumption may also account for the decreased levels of 6-t-butyl-2,2,9,9-tetramethyl-3,5-decadien-7-yne in preoperative patients with RCC.
In conclusion, compared with the healthy subjects, RCC has a unique VOC profile, suggesting that this profile may be useful as a diagnostic assay for RCC.
